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We extend the calculations of the spin alignments of vector mesons in e + e~ annihilation in a 
recent Rapid Communication to deeply inelastic lepton-nucleon scatterings. We present the results 
for different mesons in the current fragmentation regions of n~N—>p~VX at high energies and 
VnN—*n~VX at both high and low energies. We also present the predictions for v^N —*n~V X at 
NOMAD energies in the target fragmentation region using a valence quark model. 
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Spin alignments of vector mesons in high energy reac- 
tions have attracted much attention recently Since 
the influences from decay of heavier hadrons are rela- 
tively small and the production rate is in general higher 
than that of hyperon, such studies provide important in- 
formation for the spin effects in the fragmentation pro- 
cess, in particular the spin transfer from the fragment- 
ing quark to the produced hadrons. Measurements have 
been carried out in different reactions in particular 
in e + e~ annihilation at LEP recently 0]. The data show 
that the vector mesons produced in e + e~ annihilation 
at Z° pole have a large probability to be in the helic- 
ity zero state, and the effect is more significant for large 
momentum fraction region. 

In a recent paper S, we calculated the spin density 
matrix of vector mesons in e + e~ annihilation at Z° pole 
by taking the spin of vector meson which contains the 
fragmenting quark as the sum of the spin of the polarized 
fragmenting quark (antiquark) and that of the antiquark 
(quark) created in the fragmentation process. Compared 
with the data [H, we showed that the experimental re- 
sults for poo i i- e -j the probability for vector meson in the 
helicity zero state, imply a significant polarization for 
the antiquark (quark) which is created in the fragmen- 
tation process and combines with the fragmenting quark 
to form the vector meson. It should be polarized in the 
opposite direction as that of the fragmenting quark and 
the polarization can approximately be written as, 



-aP 



(1) 



where a rj 0.5 is a constant for most of the vector mesons. 
(Here, P z is the polarization of the antiquark in the mov- 
ing direction of the fragmenting quark and Pt is the lon- 
gitudinal polarization of the fragmenting quark of flavor 
/) Using this result, we were able to fit the data of poo's 
for different vector mesons reasonably. The relation given 
by Eq. (nl) can be considered as a direct implication of 



the data W in e + e~ annihilation. It should be interesting 
to extend the studies to other reactions in particular to 
check whether the relation shown in Eq. (1) is also true 
for the fragmentation of quarks in other processes. In this 
connection, it is encouraging to see that not only some 
previous data are available but also new measurements || 
can be made by NOMAD collaboration in v^N^p~HX. 



In this paper, we extend the calculations to deeply in- 
elastic lepton-nucleon scatterings (DIS) and present the 
results for poo's of different mesons in different cases. 
We now start our calculations by summarizing the main 
points of the method in Ref. Q . To calculate the density 
matrix of vector mesons which are produced in the frag- 
mentation of a polarized quark we divide them into 
the following two groups and consider them separately: 
(a) those which contain the fragmenting quark q®; (b) 
those which don't contain the fragmenting quark. The 
spin density matrix p (x F ) for the vector meson V is 
given by: 

V, \ _ ( n ( x P\ a >f)) V, 
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where {n(x F \a, /)) and p v (a, /) are the average num- 
ber and spin density matrix of vector mesons from 
(a); (n(x F \b)) and p v (b) are those from (b); (n(x F ))= 
J2f( n ( x F\a,f))+ (n(x F \b)) is the total number of vector 
mesons and x F is defined as x F =2p*/W, p* is the mo- 
mentum of vector meson in the z direction in the center- 
of-mass system of total hadronic system, W is the total 
energy of the hadronic system, and the z-axis is taken 
as the direction of the intermediate boson. The average 
numbers (n(x F \a, /)) and (n(x F \b)) are determined by 
the hadronization mechnism and can be calculated using 
hadronization models |10| as implemented by the Monte- 
Carlo event generators. 

The vector mesons from group (b) are taken as un- 
polarized, thus p v (b)=l/3. For those from group (a) 
which contain q® and an antiquark q created in the frag- 
mentation | pd[ , the spin density matrix p v (a, f) is calcu- 
lated from the direct product of the spin density matrix 
p q f for q® and p q for q. Transforming the direct prod- 



uct, p q f q =p q f( 



to the coupled basis |s, s z ) (where 



s^s^+s' 3 ), we obtain the spin density matrix p v (a,f), 
and the 00-component as, 

pV (aJ) = (l-P f P z )/(3 + P f P z ), (3) 

where Pf is the longitudinal polarization of q® and P z is 
the polarization of q in z-direction. We insert the relation 
showed by Eq. (Q) into Eq. (||) and obtain 



1 



P ^(aJ) = (l + aPf)/(3-aPf). 
Finally, from Eqs. (§) and (|), we have 



(4) 
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Using this result, we obtained Q a good fit to the data 
of pg^'s in e + e _ annihilation. Now, we apply it to the 
DIS processes. 

We first consider the process of p~p — > p~UA. For a 
sufficiently large W, the hadrons produced in the current 
fragmentation region are mainly from the struck quark's 
fragmentation. Considering only the leading order sub- 
process p~q — > pTq, the polarization of the outgoing 
struck quark can be obtained from QED and can be found 
in different publications [see,e.g.,0, i.e., 



Pf = 



P l D L (y)q f (x) + P N Aq f (x) 
q f (x)+P l D L (y)P N Aq f (xy 
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where Dp{y) is the longitudinal depolarization factor 
D L {y) = [l-(l-y)2]/[l + (l_ y )2] an dy = p.{k-k')/p-k 
where p, k, and k' are the four momenta of the incoming 
q, pT , and the outgoing p~ respectively. P l and P N are 
the longitudinal polarizations of the incoming lepton and 
nucleon respectively, qj{x) and Aqj(x) are the unpolar- 
ized and longitudinally polarized distribution functions. 
In our calculation, the unpolarized and longitudinal po- 
larized distribution functions are taken as the GRV98 LO 
set |L3| and the standard LO scenario of GRSV2000 @ 
respectively. 

We use the generator lepto (T^J to calculate the aver- 
age numbers (n(xF\a, /)) and (n(xF\b)). As an example, 
we show the different orgions of K* + in the current frag- 
mentation region of p~ N ^ p~ K* + X at the beam energy 
of 500 GeV in Fig. 1. We choose the events for Q 2 >5 
(GeV/c) 2 , 10~ 4 <:c<0.2, and 0.5<y<0.9 to ensure a rea- 
sonably large W and a reasonably high polarization of 
the fragmenting quark. We see that, in contrast to hy- 
peron production in the same reaction p2[ , the decay 
contribution is indeed very small. 

Using Eq.(|^) and the average numbers obtained above, 
we calculate the p^'s for K*°, K*+ , p ± and p°. The 
results are shown in Fig. 2 for different combinations of 
P l and P N in the same kinematic region as in Fig. 1. 
We see that Poo's increase with increasing xp and reach 
about 0.5 in the cases of polarized lepton beam, which 
is much larger than 1/3 and can easily be detected in 
experiments. However, the magnitude of Pqo' s for P l =Q 
and P N =1 is much smaller than those in other three 
cases. The reason is that the ratio Aqj(x) / qf(x) is small 
in the chosen small x region, so Pf obtained from Eq.(|^) 
is small. While the large D^(y) for large y region leads 
to relative large Pf in other three cases, the result of 
which is large Pq . Hence, to get reasonably large Pqq, 
the polarization of the lepton beam is required. 



For inclusive meson production in unpolarized ep re- 
actions, the struck quark is unpolarized. Hence, Pf—0 
and Pq =1/3 in the current fragmentation region. There 
have been measurements JiJ for p° with z>0A {z=E p jv 
and v is the energy loss of the lepton beam in the lab 
frame) in inelastic ep scattering at £7 e =11.5 GeV and 
the result is poo =0.41 ±0.08, which is in agreement with 
the theoretical expectation. 

For v^N^p~VX, the leading subprocess v^q-^pTq 
is a charged current weak interaction with the exchange 
of a virtual W + , which selects only left-handed quarks 
or right-handed antiquarks. Thus, Pf = —1 for struck 
quarks and -P/=l for struck antiquarks, whose polariza- 
tions reach the maxmum. Hence, we expect larger p^ 's 
in neutrino DIS than in other reactions. We calculate 
Poo' s for different mesons in the current fragmentation 
region of v^N^p~~VX at £^,=500 GeV and the results 
are shown in Fig. 3. We see that, the pJo's for K* + , p + 
and p° increase to about 0.6 with increasing xf- How- 
ever, the poo for K*° is much smaller. This is because, 
for K*°, the only contribution of type (a) is from outgo- 
ing struck s quark which is a result of the absorption of 
W + by a c in the nucleon sea. It is very small due to the 
rarity of c in the nucleon. Other kinds of contributions 
lead only to 1/3 for poo- For other vector mesons, such 
as K*~ and p~ , there is no contribution of type (a) at 
all. Their poo's are just equal to 1/3. 

It has been pointed out that ]I6[ ], at lower energies, 
such as at the NOMAD energies where (£? !/ )=43.8 GeV, 
the influence of the fragmentation of target remnant to 
hyperon production is very large, in particular in the 
small xf region |l(|. It has to be taken into account 
in calculating the hyperon polarization in such energy 
region. The characteristic features of the hyperon polar- 
ization in this region are determined by this contribution. 
It is therefore natural to ask whether similar effects also 
exist for mesons production. To check this, we make an 
analysis using lepto and the results for v^p^p^ K* + X 
at GeV are shown in Fig. 4. We see that, there 

is indeed a mixture of the contribution from the mesons 
containing the struck quark and that containing one of 
the quarks in the target remnant in the region near xf~0, 
but the effect is much smaller than that for hyperon 
production. This can be understood easily. We recall 
that, in the case of hyperon production, the excitation of 
diquark-anti-diquark pair is needed for producing hyper- 
ons which contain the struck quark and there should be 
at least one more baryon and one antibaryon produced. 
However, the excitation of diquark-anti-diquark pair is 
unnecessary for producing hyperons which contain one 
quark of the remnant uu diquark. At the NOMAD en- 
ergies, W is only of several GeV, the probability for the 
former case should be much smaller than that for the lat- 
ter. Hence, in the xf ~ region, the contributions from 
the latter case can dominate. For meson production, to 
produce mesons containing the struck quark or one u 
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quark of the remnant uu diquark, only quark-antiquark 
pair excitation is needed. The probability for the mesons 
containing one quark of uu diquark to move in the op- 
posite direction of the diquark is rather small. Hence, 
the influences from target remnant fragmentation on the 
spin alignments of vector mesons in current fragmenta- 
tion region are small. 

Having the above-mentioned results for meson produc- 
tion of different origins, we can also calculate their spin 
alignments by taking the fragmentation of the nucleon 
remnant into account. The polarization of the quarks 
in target remnant is unclear. We calculate it in the 
same way as in Ref. |lrj| l in studying hyperon polarization, 
where a valence quark model was used. The results ob- 
tained for /Oqo's in v^p^prVX at £ , „=43. 8 GeV both in 
the current and target fragmentation regions are shown 
in Fig. 5. We see that, for xf > 0, the influence from the 
target remnant fragmentation is indeed very small. Com- 
pared with those obtained at £?„=500 GeV, poo of K*° is 
smaller. This is because at such low energy, the probabil- 
ity for the outgoing struck quark to be s is very tiny. For 
the target fragmentation region, the spin alignments are 
smaller than those in the current region. The results for 
a neutron target are shown in Fig. 6. The Poo's are much 
smaller in the target fragmentation region than those in 
case of a proton target, because the polarization of the 
quark in the remnant uu diquark from a proton is larger 
than that in the remnant ud diquark from a neutron |l6| . 
The difference in the current region is tiny for the two 
different targets, since the partonic subprocesses are the 
same and v^d—tpTu dominates others for both targets. 

There have been measurements [0] for p° in neutrino 
DIS and the results are p O o=0.65±0.18 and 0.61±0.08 
in DN e ^u+p°X and p O o=0.41±0.13 and 0.39±0.08 in 
vN e ~^ii~ p°X at low energies similar to NOMAD. The 
data are both for p°'s with z>0.4 (z—E p /v). Our 
results in the same kinematic region are poo =0.511 
for DN e -+u+p°X and p 00 =0.518 for vN^n~p°X @. 
They are in agreement with the data and further mea- 
surements with high precision are required to give a bet- 
ter check of the model. 

In summary, we calculate the spin alignments for differ- 
ent vector mesons in the current fragmentation regions of 
u~N^u~VX and v^N— >u~VX at high energies by tak- 
ing the spin of a vector meson as the sum of the spins of 
the polarized fragmenting quark (antiquark) and that of 
the antiquark (quark) created in the fragmentation pro- 
cess. We also present the predictions for spin alignments 
in v^N^prVX at NOMAD energies both in the current 
and target fragmentation regions. The results show that 
there are significant spin alignments for most of the vec- 
tor mesons in the above reactions. Measurements of them 
can provide important information for the spin effects in 
the fragmentation process. 
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FIG. 1. Different contributions to K* + production in the 
current region of ^ N~*^ K* + X at £ M =500 GeV. 
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FIG. 4. Different contributions to K* + production 
both in the current and target fragmentation region of 
u^p^^K'+X at £,=43.8 GeV. 
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FIG. 2. p 00 in the current region of (i~p~>n~VX at 
-E M =500 GeV. The straight lines at poo=l/3 show the un- 
polarized cases. 



FIG. 5. poo in Vpp-^vTVX at £,=43.8 GeV. The solid line 
represents the results where the contribution of target frag- 
mentation is taken into account, the dotted line denotes the 
results where only the contribution of the current fragmenta- 
tion is included. The results for K*° are same. 
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FIG. 3. poo m the current region of v^p^pTV X at 
i? M =500 GeV. The straight lines at poo=l/3 show the un- 
polarized cases. 
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FIG. 6. pXo in v^n-^prVX at £,=43.8 GeV. 
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